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An Intercomparison of Atomic Standards 
In early September, 1965, a group of atomically controlled oscilla- 

tors was assembled a t  the Satioiial Bureau of Standards i n  Boulder, 
Colo. The main purpose of the two mouths of experiments was to 
obtain intercomparisons of the frequencies of the cesium beam, 
thallium beatn, and hydrogen maser with accuracies 3ubstantially 
better than an)’ previo~isly obtained [ l  ] - [ A ] .  

The participaiit3 i n  the experitneiit> were persoiinel from the 
Quantum Electronic Ikvicca (Q.E.I) .)  1)ivi~ioii of Varian .Associates, 
the Hewlett-Packard Company, and the i\tornic Frequeucy and Time 
S tanduds  Section of the Satiorial Bureaii of Standards, Boulder, 
Colo. The equipmetit assembled for the experiments included the 
llnited States Frequency Standard S R S - I l l ,  a cesium beam; another 
cesium beam device constructed a t  Hewlett-l’ackard Co~npaii>. ( i n -  
corporating a \’arian .Associates beani tube); two hydrogen misers 
constructed a t  the Q.E.1). I3ivision o f  \.ariaii .Associates;; and the 
SBS-I  I beam machine recently converted to thalliuin use. ITnfor- 
tiiiiately the conversion of SBh-I  I to thalliurii was iiot complete, and 
no sigiiilicaiit numbers are :it present available for thi, system. 

’l’he majority of coniparisotis among the ta.o niasers and the two 
ce4um beam device5 \vLia obtained by  period ~iieasiireiiieiit~ of the 
beat frequeiicieb between pair, of 5 M H L  signals a).nthesized from the 
variuuh coiitrolliitg ,ituiiiic traiisitioiih. It  n-ab recognixd that for the 

ions and accuracies which are realizable with these devices, 
z is an uiifortuiiately low frequency for conipari,on (i t  is worth 

iioting that a slow phase drift of one-half cycle per da), a t  5 I I H z  
cottstitutes a frequenc). offhet of abutit one part i t i  Solietheless 
wficietit hardnare and siJft\\.,tre exihted ‘it the 5 11 Jlz rarige to make 
this the most deiirablc frequciicy for the present intercompari.on>. 

1 here werc ~ivLiiLil)1e three sepirate data acquisitioii syhtenis ca- 
pable of aiituinatically puiichiiig data 011 cards for computer aiial>.sis, 
and thus data reductinti wii> gre,itl>. facilitated. Indeed, such vol- 
u m e s  of d,it,t wcrc vbtaiiied during the conipari~oiih that,  tu  date,  
0iil1. i i  siii;~ll frxtioii  of the dat,i hay received ,~ttentiou. ’I.htih the 
re>iiltb rcported here are preliinin:iry ,ind >ubject to a great deal of 
iidditioiial aiiA~.sis. It i, iiiteitded that a more coinpreheiisive report 
o f  the iiiterComparihoris will be published soon. 

I n  order to have good ireliability for the lin,il rehiilth, it is dehir,ible 
to subst,tntiate that  the v x i o i i h  devices were operating properlq- ,ind 
withiti qx:cilic,ttiotis. Thus it i3  of value tiow to  discuss briefly some 
of the experiments performed to e.itablish a realistic and unbiased 
error budget for cach itistrunient. 

I n  regard to the two \’arian h>.drogeii iiiaheri, each is equipped 
with magnetic shielding and with teniper;iture control of source, 
cavity, and cavity loadiiig. ‘l‘he tnagnetic shields of each maher were 
degaussed at the start of the experiments, and the inagiietic fields 
were calibrated by exciting the Zeernari traiisitiorLs. A41most daily 
checks of the cavity ttiitiiig of each maser were made with each tiiaser 
beiiig tuned iiidepciideiitly of the other (each iii;iher wets u>ed in  turii 
a s  a stable refereuce to tune the other but it> particular frequeticy 
was not considered). 

~‘iifortuitately it wiia iitrt pos.ible i i i  the time av,iild 
‘I wall-shift experiment for the hydrogen i i ia5er~ It LV 

11% the values o f  the wall shift i i b  deterniiiied by the 
mnr t ime  earlier [ 11. 

l’reliniitiary t-esirlts indicated the frequent), fluctuations of one 
inaser relative to the other from one 
~econd to *vera1 huiidred seconds, and the frequencies of the two  
masers agreed to within for the entire two-month 
period. ’I‘he detailed a i t i i  ive fluctuatioiih of the t\vo 
masers has not been coiit 

Ii‘hile x realistic error budget for SBS-I11 has recently been 
published [SI,  it was decided that the very stable signals available 
from the two \-xiail masers would .ifford ;i unique opportuiiit). for 
redetermining the magiiitudes of sotile of the ~incertaintie 
with SBS-111. I I I  particular, the oven and detector of S B S - I l l  

,~ 

within i t  few part> i n  

were interchanged four different times to deteriiiiiie phase-shift ef- 
fects of the cavity. Xlso a completely different set of electronics was 
used to detect possible spectral difficulties or systematic errors in the 
servo systems. 

The fluctuations in the frequency of the 5 51Hz  signal locked to 
SBS-I I1 as compared to a hydrogen maser decreased with iucreasiiig 
sample time a s  7-lJ2 for 7 ranging from 100 seconds to live hours. ’lhih 
is in complete agreement with theory [6]. A staiidard deviatioii of 
one part in lot3 was obtained for adjacent imiple times of two hours. 
For adequate averaging times (72200  seconds), the new total es- 
timated inaccuracy for S RS-I I I is 1.1 X lo-’* for a one-sigma value 
Beehler, Mockler, a i d  liichardsoii [SI give a one-sigma value of 
about 1.9X ( 3  , m =  5.6X 10-12). 

The comp:trison of SRS-II I with the llewlett-I’ackard (H-I’j 
cesium beam indicated a itaiidard deviation for the frequeticy ~ILIC-  
tuations of seveti parts i n  1 0 1 3  for two-hour samples. I f  one iissutiies 
that  the figure of one part i n  loL$ quoted above for the coniparisoii 
of SBS-I  I I aiid a hydrogen iiiiiser is caused primarily b>, shot noise 
modulating the frequeiicy of SBS-111, it is possible to estimate the 
fluctuations 011 a >horter machine with a different Aux of atoms 161. 
I tideed, when this calculation is carried out for the H-I’ cesiuni beam, 
complete agreement with the experirnei~tal results of  7X  IO-’3 for 
two-hour samples is obt;iiited. Appareiitly, the electronic systetris of 
these two iiidepeiideiitly coiistructed cesium bemi devices fuuctiori 
quite cotnparabl~~. 

The H-P cesium beam, being iiidepettdeiitly aligiied, was avail- 
able for about two weeks of comparisoiis. :\ssuniiiig NBS-I I 1  a s  the 
primary standard, the average frequency of the 5 X I H z  output of 
the 11-1’ unit w i i h  offnet by - 119.991 parts i n  1OL0. Siiice the unit wcis 
desigiied to gener‘ite ii ~-igiial offset by - 1.50 parts i i i  10’O, this in-  
dicate> A d i ~ x q ~ , i i i c y  i n  freqiieiic~~ of only 9 parLs i t i  loi3 nhich i i  wel l  
within the estimated accuracies for the two beams. 

I t  is thus felt b,- the authors that the behavior of the cesium 
beams and the h>-drogen nia.erh during this period have proved ade- 
qi r te l j .  reli,ible to quote ii sigiiiticant frequeiicy value for the hydrogen 
maher. I t  sho~ild agairi be einphasi~ed that a l l  data have not beeit 
aiialyLed, aiid reliiieineiits oil the rest i l ts inay be expected. A pre- 
liminary value for the frequency of the appropriate transitioir of the 
hydrogen atuin i t i  free space, at zeru tnagiietic field, aiid zero absolute 
temperature, is 

1420,405,751.7860 f 0.0046 Hz. 

‘l‘he uncertainty of 0 0016 H z  corresponds to 1)  an assuiiied inac- 
curacy of 3 piirtb i n  1012 due to t~ncert;iiiities i n  the wall-shift effect iti 

the hydrogen inaser, compouiided with 2 )  the iiiaccuracy of 1.1 parts 
i n  10’* for the cesium reference to give ;I total iiitcert:tiiity of 3.2 
parts in 10’*. 

L7nfortutiately, ; i l l  aspects of wall shifts i t i  the hydrogen miser are 
not sufficiently well understood to allow oiie to construct :i realistic 
and objective error budget for the h>-drogeii iiiiiser. \\~hile the re- 
producibility of the wall shift is kiiown to be better than o m  part i n  
1012, the magnitude s f  the effect is not kiio\vn to thii accuracy, and 
the estimated inaccuracy of three parts i u  10” for the wall shift i i  
considered aii “outer limit” by the authors. I t  is, therefore, iiot on 
the same objective footing as the oiie-sigma value of 1.1 parts i n  
lo’? for NRS-111. 

The following is a list of values for the hydrogen frequency i n  
terms of cesium as published elsewhere and the value given above. 

1420,405,751.827 f 0.02 (Varian-Naval Observatory, 1963) [l] 

1420,405,751.800 & 0.028 (Harvard-Naval Observatory, 1963) [2] 

1420,405,751.778 f 0.016 (Varian-H-P, 196-4) [3] 

1420,405,751.785 & 0.016 (Varian-LSRN, 1964) [4] 

1420,405,751.781 f 0.016 (NASA-GSFC, 1965) [7] 

1420,405,751.7860 f 0.0046 (NBS-Vdrian-HP. 1-65, this letter) hlaiiuscript received January 10, 1966. 
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’l’hc stnte-of-the-art for both celiiiiii beailis and hydrogen i i i a s x s  

h;ls ultdergotie sipiiiticiiiit iiiiprovetiie~it. .-\bwlute accuracy i i i  the 
vicitlity of a few parts i l l  lo‘? fur freqiieiir) iiiea~ureiiieiits is thus  
confirmed 
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tratihforiiier of I’ig. 1 \vas, i n  effect, used by Sorton it1 his work 011 

iriipedaiice tratisforiiiitig lilters [4 ] ,  [SI. I I I  the ligure, the ttlrrls ratio 
is s arid the admittance is arbi t rary.  111 Sorton’s lilter appIic:~tiot~, 
when s > 1, the ttvo negative adniittaiices are absorbed by positive 
:idinittarices i n  the filter i n  ivhich the ideal transformer is imbedded 
by letting I; be the adinittarice of t i t i  inductor. 0 1 1  the other hand, i f  
I’ is a real number i n  Fig. 1, then one obtains ;I realizatioii of a coni- 
i i i o i i  ground ideal transformer with two positive and two negative 
resistors. .\l.;o, if  J * =  l / jwLo,  the iietwork elernents can be obtained 
a t  a single frequency using two positive inductors and two positive 
capacitors. 

I n  order to realize i i  general niultiport ideal transforiner, i t  is 
necesriry aiid sufficient to realix the terniiiial behavior of ii four- 
terminal one \vith an arbitrary turns-ratio. General niultiports can 
then be constructed b). interconnecting inany two port.;, soiiie of 
whoie coils are put i n  parallel o r  i n  heries [6]. Xi1 appropriate f ~ t i r -  
termiiial network is shown in  I-ig. 2 where B is the turns-ratio aiid Y 
is an arbitrar)- admittance, ‘lhis network has the isolation property 
of the t n o  port i n  addition to the proper traiisforliiing ratio. If  I: is a 
pozitivc real tiiiiiiber, the network represents i i  realiLatiuli with three 
negative resistors aiid four positive resistors for any positive turns- 
ratio. .Also, i f  IT= l / j w L o ,  theti the network elements ciiii be obtained 
a t  a single freciiiencl- \vith four positive itiductors and three positive 
c,ipacitors. 
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Fig. 2.  :\ tiro-port ideal traiisfurinrr incliidins isolation 
property iritll turns-ratio L ( Y  arbitrary). 

I t  can be shown that if positive ;tiid negative resistors are used, a 
coiiiiiioii grotind two-port ideal tr,iiisforiner c a ~ i  be realized with no 
fewer thaii t\vo negative resistor5 for ;I tiirn.;-ratio different from + l .  
Also, ;I foiir-terii~iii:~I ideal traiisforiner realization which ha.; the 
isolatiuii property tiecehsarily requires three iiegdtive resistors, eveii 
for ti i i i  t y t iir iis-r,L t io. 

’l‘he tietuorks uf l-ig. 1 ;ind Fig. 2 have been obt,tiiled by usiiig a 
geiieral iyiitheyi, iiiethod which will realize any prexribed behavior 
puAble for network?: of pohitive and iiegative rehi\turs, capitcitor% 
a i d  itiductors on ;lily p(Jsiit3le port ,tructure. ’ [ h i s  bylithehis tech- 
iii(1iie ;ii(~tig with a complete d e s c r i p ~ i ~ n  of the po-bible port or ter- 
n i i i r i i l  heh;ivior f u r  this clay\ of networks wil l  ,ippenr elsewhere. 
(.sing the geiier;il method., one c;in re‘ilize ;t t-terini~ial ideal trans- 
former Lvith tiu mure thaii 1 - 1 iiegdtive r tors, where the roLiritii1g 
is such that k coils in series accciitiit fur  k + l  tertniiials, riot 2k. ‘Iht1s. 
fewer negative re>i?tors ;ire uhed than when niultiports are COLI- 

strticted by iiiterconnectilg two-ports of three iiegative resistor3 
each. Also, at ;i dtigle frequency, ii t-termiiial ideal traiisforlner cat1 
be reali~ed a i t h  pusitive itlducturs (capacitors) alld 1- 1 positive 
capacitors (iitductor5). 


